constructed with a GAL4 activator domain vector was screened by a yeast two-hybrid method. The bait used was a fusion construct between the LexA DNA-binding domain and the full-length MTK1. Sixteen human cDNA clones were isolated that interacted with MTK1. Of these clones, three were overlapping clones of a protein that is 93% identical to mouse MyD118. The mouse MyD118 gene was originally identified as a gene transiently expressed in growth-arrested and terminally differentiating myeloid precursor cells (Abdollahi et al., 1991) . The amino acid sequence of MyD118 is ‫%85ف‬ identical to that of GADD45. Interestingly, ten additional clones also encoded another GADD45-like protein. We propose to name the two GADD45-like proteins that we isolated as GADD45␤ (ϭ MyD118) and GADD45␥, respectively, and the original GADD45 as GADD45␣. Figure 1A shows an alignment of the deduced amino acid sequences of GADD45␣, ␤, and ␥. The amino acid sequences of the GADD45␣, ␤, and ␥ proteins are about 55%-58% identical among themselves.
Northern blot analysis of various human tissues demonstrated that mRNA for GADD45␣, ␤, and ␥ are, respectively, 1.4, 1.4, and 1.35 kb in size. The expression patterns of the three genes show distinct tissue distributions ( Figure 1B ). The expression of GADD45␣ is known to be induced by various agents that cause DNA damage, including MMS, ␥ irradiation, UV, and H 2 O 2 (Fornace et al., 1988; Papathanasiou et al., 1991). We thus examined whether the expression of GADD45␤ and ␥ is also inducible by these and other environmental stresses. For this purpose, the p53-positive ML-1 myeloid leukemia cell line was used because the radiation-mediated induction of GADD45␣ is p53 dependent (Kastan et al., 1992). As shown in Figure 1C , expression of all of the GADD45␣, ␤, and ␥ genes was highly inducible by MMS. In addition, GADD45␣ was induced by ␥ irradiation, UV, anisomycin, and H 2 O 2 , whereas high osmolarity had little inducing potential. In contrast, GADD45␤ was efficiently induced by high osmolarity as well as by UV, anisomycin, and H 2 O 2 . Thus, each GADD45-like gene is induced by are sufficient for binding to GADD45␥. We thus designated this segment as the GADD45-binding domain (GADD45BD). Interestingly, they both flank a strongly conserved seDatabase search failed to identify any protein that has quence (MTK1 260-306 and SSK2 422-468) that is also a sequence similar to GADD45BD. The sequence is not conserved in the fission yeast homolog Wik4 (Takekawa conserved even in other MAPKKKs, including the yeast et al., 1997). The significance of this conserved sehomolog SSK2. The location of the GADD45BD in MTK1, quence is not known. however, is similar to the location of the SSK1-binding
The region in GADD45␥ that is essential for its interaction with the N terminus of MTK1 was also determined site in SSK2 (position 294-413) (Posas and Saito, 1998).
plasmids that express a Flag-tagged MTK1 construct and an HA-tagged GADD45-like protein, respectively. The Flag-MTK1 constructs contained either the fulllength MTK1, a deletion of the kinase domain (MTK1⌬K), or a deletion of the GADD45-binding domain (MTK1⌬BD). Flag-tagged proteins were immunoprecipitated, and coprecipitated HA-GADD45␤ or ␥ was probed by an anti-HA monoclonal antibody. As shown in Figure 2C , both full-length MTK1 and MTK1⌬K coprecipitated GADD45␤ and GADD45␥, whereas MTK1⌬BD did not. These results demonstrated that the interactions of MTK1 and GADD45-like proteins can occur in mammalian cells.
GADD45-like Proteins Activate MTK1, Both In Vivo and In Vitro
We then tested whether binding of the GADD45-like proteins activates MTK1. For this purpose, COS-7 cells were cotransfected with expression plasmids for Flag-MTK1 and either GADD45␣, ␤, or ␥. The Flag-MTK1 protein was then immunoprecipitated from transfected cells, and its kinase activity was measured in vitro using a specific substrate GST-MKK6(K/A) (Takekawa et al., 1997) . When the empty vector plasmid was cotransfected, immunoprecipitated Flag-MTK1 had relatively low catalytic activity ( Figure 3A) . However, when COS-7 cells were cotransfected with an expression plasmid for either GADD45␣, ␤, or ␥, significant increases of the Flag-MTK1 kinase activity were observed ( Figure 3A , left panel). The increases in the Flag-MTK1 activity were roughly proportional to the concentrations of the cotransfecting GADD45␥ plasmid ( Figure 3B ). Interestingly, a mutant of MTK1 that lacks the GADD45-binding domain (MTK1⌬BD) was not activated by coexpression As shown in Figure 4A (left panel), the expression of either GADD45␣, ␤, or ␥ resulted in strong induction of the p38 or JNK1 activities, but not that of ERK2.
As described later in this paper flammatory cytokines. These diverse activation mechanisms appear to be reflected in an equally diverse array was fragmented in a manner characteristic of apoptotic of upstream activators (e.g., the Rho-family GTPases cells ( Figure 6C ).
Cdc42Hs and Rac1, and the protein kinases ASK1, To further examine the apoptotic effect of GADD45-PAK1, and HPK1). It has been proposed that UV actilike proteins, HeLa cells were transiently transfected vates these pathways by cross-linking multiple growth with expression plasmid for GFP-GADD45␣, ␤, or ␥ factor and cytokine receptors (Rosette and Karin, 1996). fusion protein. GFP allows specific detection of trans-
While this is a possible mechanism for UV induction of fected cells by its green fluorescence. After 48 hr, nuclei these MAPK cascades, it may not explain the induction of the transfected cells were stained with DAPI to detect by ionizing radiation or by genotoxic chemicals, beany chromatin condensation that is typical of apoptotic cause these agents do not cross-link the cell surface cells. Expression of GFP alone had no significant effect receptors. on the cell viability, cell morphology, or nuclear structure Our finding that GADD45-like proteins activate the ( Figures 7A and 7E) . In clear contrast, HeLa cells that MTK1 MAPKKK brings together two phenomena that express GFP-GADD45␣, ␤, or ␥ fusion protein showed were previously thought unrelated: the DNA damagecell shrinkage, chromatin condensation, and fragmentainduced expression of the GADD45-like genes, and the tion of nucleus that are characteristic of apoptotic cells DNA damage-induced activation of the p38 and JNK ( Figures 7B-7D and 7F-7H) .
MAPK pathways. DNA damage, and other environmenWe demonstrated in Figure 4B 
Media and Buffers
The human tissue RNA blot was obtained from Clontech and conLysis buffer is 20 mM Tris-HCl (pH 7.5), 1% Triton X-100, 10% tains 2 g of poly(A) ϩ RNA per lane. glycerol, 137 mM NaCl, 2 mM EDTA, 50 mM ␤-glycerophosphate, 1 mM sodium vanadate, 1 mM dithiothreitol, 1 mM PMSF, 10 g/ ml leupeptin, and 10 g/ml aprotinin. Kinase buffer is 25 mM TrisTissue Culture and Transient Transfection HCl (pH 7.5), 25 mM MgCl 2 , 1 mM EGTA, 2 mM dithiothreitol, 0.5 COS-7 and HeLa cells were maintained in Dulbecco's modified EamM sodium vanadate, and 25 mM ␤-glycerophosphate. IP buffer is gle's medium (DMEM) supplemented with 10% fetal bovine serum, 40 mM Tris-HCl (pH 7.5), 1% NP40, 150 mM NaCl, 5 mM EGTA, 1 L-glutamine, penicillin, and streptomycin. Human ML-1 myeloid leumM DTT, 1 mM PMSF, 10 g/ml leupeptin, 10 g/ml aprotinin, 20 kemia cells were grown in RPMI-1640 medium supplemented with mM NaF, and 1 mM sodium vanadate. SDS loading buffer is 50 mM 10% fetal bovine serum. 
